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Abstract We provide a new perspective on the transition of hyperpycnal ﬂows into saline turbidity
currents, which permits longer runout lengths than might be otherwise expected. This mechanism relies on
the diﬀerential turbulent diﬀusion of salt and sediment, and in contrast to ambient saltwater entrainment
it enables the saliniﬁcation of the freshwater current without diluting the sediment concentration ﬁeld by
a corresponding amount. The freshness-to-sediment ratio is introduced in order to quantify the transition
process. The results of high-resolution simulations provide estimates for the transition distance of
hyperpycnal model ﬂows into saline turbidity currents.
Plain Language Summary In some near-coastal areas of the world’s oceans, sediment-rich
rivers trigger so-called hyperpycnal currents, which are currents composed of river-derived freshwater and
sediment that propagate along the seaﬂoor. In general, one may expect such currents to have a short
runout length, since sediment deposition will reduce their density until they loft from the seaﬂoor. There is
evidence, however, that in some settings hyperpycnal currents can have much larger runout lengths than
expected. Here we propose a novel perspective on such large runout lengths, by showing that diﬀerential
diﬀusivities can enable the hyperpycnal ﬂow to transition into a saline turbidity current. This mechanism
relies on the fact that salt and sediment diﬀuse at diﬀerent rates, so that the freshwater current can become
saliniﬁed without diluting its sediment concentration ﬁeld.
1. Introduction
Gravity drives the redistribution of material on the Earth’s surface from the continents to the deep oceans,
often with one or more staging areas on its way. Within the marine environment, downslope transport from
the shoreline or shallow marine environment takes the form of sediment gravity ﬂows, that is, ﬂowing mix-
tures of sediment and water (Talling et al., 2012). Most important for the long-range transport of sediment
are turbidity currents, which include ﬂows ranging from dilute laminar or turbulent muddy suspensions to
concentrated ﬂows of sand and water (McCave & Jones, 1988; Meiburg & Kneller, 2010; Mulder & Alexander,
2001). Initiation of turbidity currents may occur in a variety of ways (see the review by Talling et al., 2013),
but in certain settings, the most important triggering mechanism is by hyperpycnal ﬂow (Mulder et al., 2003;
Talling, 2014), in which the suspended sediment load of a river in ﬂood may be suﬃciently high that the dis-
charge of freshwater and sediment into the ocean is denser than seawater (Mulder & Syvitski, 1995; Nakajima,
2006), and thus generates a turbid underﬂow. This is most common inmarine settings adjacent tomountain-
ous regions with rapid uplift, a monsoonal typhoon-dominated climate and where continental shelves are
narrow or absent, such as Taiwan (Carter et al., 2012).
While the long runout length of traditional, saline turbidity currents remains an active research area (Kneller
et al., 2016; Luchi et al., 2018), the situation is somewhat diﬀerent for hyperpycnal freshwater ﬂows. These
can be sustained only so long as the bulk density of the sediment-freshwater mixture is higher than that of
the ambient seawater and the ﬂow remains negatively buoyant. As deposition proceeds, the bulk density
decreases until the buoyancy becomes neutral, the gravitational force on the current falls to zero and the
current ceases to move forward. At this point the turbulence maintaining the particles in suspension decays
rapidly and the suspension collapses, triggering a rapid decrease in density and buoyancy reversal. The depo-
sitional limit of coarser-grained material that has fallen from suspension tends to be abrupt, whereas ﬁner
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material is carried aloft with the lighter ﬂuid that constitutes the now positively buoyant ﬂow (Gladstone &
Pritchard, 2010). This lofting ﬂow may reach the free surface or spread along an interface of equal density
within a stratiﬁed ambient, to produce a more widely dispersed fall-out deposit.
A situation in which deposition and subsequent lofting are less likely to occur is where hyperpycnal ﬂows
discharge into submarine canyons such as those oﬀ the southeast coast of Taiwan. Submarine cable breaks
associated with typhoon-triggered hyperpycnal ﬂows demonstrate that such ﬂows may persist for hundreds
of kilometers down the continental slope (Carter et al., 2012; Gavey et al., 2017). One possible mechanism
to explain this tremendous runout distance is by self-acceleration (Blanchette et al., 2005; Hu et al., 2015;
Parker et al., 1986). Under such conditions, instead of depositing sediments on the canyon ﬂoor, the downs-
lope hyperpycnal ﬂow erodes additional sediment from the bed and thus increases its bulk density and
runout length.
As an alternative explanation for the observed increased runout length of hyperpycnal ﬂows, several authors
have proposed that the river-generated fresh water current could develop into a robust and long-runout tur-
bidity current by entraining saline ambientwater (Mulder et al., 2003; Nakajima, 2006). A number of laboratory
experiments (Gladstone & Pritchard, 2010; Sparks et al., 1993; Steel et al., 2017; Sutherland et al., 2018) indeed
demonstrate that instabilities on the surface of a freshwater hyperpycnal current entrain ambient saline ﬂuid
by engulﬁng patches of salt water that subsequently mix with the current ﬂuid via diﬀusion at the smallest
scales. However, while the entrainment of saline ambient without particles increases the salinity of the inter-
stitial ﬂuid, it simultaneously dilutes the sediment concentration ﬁeld. As a net result, the bulk density of the
current is reduced, so that entrainment of ambient salt water by itself cannot explain the runout length of
hyperpycnal ﬂows.
The present investigation explores an alternative scenario for the transition of a hyperpycnal ﬂow into a
saline turbidity current. This scenario is based on diﬀerences in the eﬀective diﬀusivities of salt and sedi-
ment. At the smallest scales their rates of diﬀusion are governed by the molecular diﬀusivity of salt, and
the corresponding hydrodynamic diﬀusivity of particles. While the molecular diﬀusivity of salt in water has
a well-established value of approximately 1.6 × 10−9m2/s, the equivalent small-scale diﬀusivity of particles
due to their hydrodynamic interaction depends on their size, density, and settling velocity (Segre et al., 2001).
For an introduction into the hydrodynamic diﬀusion of non-Brownian particles, we refer the reader to Davis
(1996). These small-scale diﬀusivities of salt and sediment need to be carefully distinguished from their eﬀec-
tive diﬀusivities which result from the interaction of turbulent entrainment and molecular diﬀusion. These
eﬀective diﬀusivities govern the large-scale scalar transport, and they depend on the ﬂow conditions such as
the Reynolds number.
The issue of diﬀerential turbulent diﬀusivities of salt and heat has attracted some attention in the past, primar-
ily in the context of internal waves and turbulent shear ﬂows. Hebert and Ruddick (2003) focus on the case of
breaking internal waves. Rather than salt and heat, they analyze the turbulent diﬀusivity of two diﬀerent dyes
with diﬀerent molecular diﬀusivities. In almost all of their experiments these dyes function as passive tracers,
while the density diﬀerence is providedby salt. For suﬃciently large buoyancy Reynolds numbers, the authors
observe turbulent diﬀusivity ratios of the twodyes near one. Smyth et al. (2005) analyze the turbulent diﬀusiv-
ity ratio of heat and salt in breaking Kelvin-Helmholtz waves of stably stratiﬁed ﬂows. However, they consider
only cases in which both salt and temperature are stably stratiﬁed, so that double-diﬀusive eﬀects are absent.
Again, they observe turbulent diﬀusivity ratios near unity for large buoyancy Reynolds numbers. Similarly,
double-diﬀusive eﬀects are absent from the stratiﬁedDNS simulations ofMerryﬁeld (2005), who ﬁnds that the
turbulent diﬀusivity ratio approaches one as the buoyancy frequency increases. To our knowledge, the issue
of diﬀerential turbulent diﬀusivities in double-diﬀusively unstable shear ﬂows has not yet been investigated.
Burns and Meiburg (2015) conduct DNS simulations to analyze the double-diﬀusive instability that develops
when fresh water containing sediment is placed above saltwater, in the absence of externally imposed shear.
Theymodel the sediment phase as a settling scalar whosemolecular diﬀusivity is 25 times smaller than that of
the salt. Perhaps somewhat surprisingly, they ﬁnd that the turbulent diﬀusivity of the sediment is larger than
that of salt, by a factor of approximately two. We remark that in this setup, where the ﬂuid is at rest initially
everywhere, the increase in the potential energy of the upward spreading salinity has to be provided by the
potential energy loss of the downward spreading sediment. Since the base state density contribution of the
salinity exceeds that of the sediment, energetic argumentsdictate that theeﬀectivediﬀusivity of the sediment
has to be larger than that of the salinity. A corresponding argument suggests that if we place sediment-laden
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fresh water below salt water, the eﬀective diﬀusivity of salt must exceed that of sediment, so that the lower
layer gains salinity more quickly than it loses sediment. Note, however, that this argument does not neces-
sarily transfer to double-diﬀusively unstable shear ﬂows, where an additional source of energy is provided by
the shear.
The above investigations indicate that in high Reynolds number, double-diﬀusively stable shear ﬂows the
turbulent diﬀusivity ratio tends toward unity. On the other hand, double-diﬀusive instability without shear
favors turbulent diﬀusivity ratios substantially diﬀerent from one. The precise value will depend on the indi-
vidual molecular diﬀusivities, on the density ratio, as well as on the settling velocity if one of the phases is
particulate. The eﬀective diﬀusivities of heat and salt in double-diﬀusive turbidity currents may hence diﬀer
substantially, which motivates the present investigation. A simple, semianalytic model for double-diﬀusively
unstable gravity currents developed by McDougall (1985) predicts that the density of the gravity current
should increase as a result of double diﬀusion, a ﬁnding that is consistent with the recent DNS investigation
of Konopliv and Meiburg (2016). This suggests that in hyperpycnal currents containing freshwater and sedi-
ment, the double-diﬀusive mechanism will indeed tend to raise the current density by increasing its salinity,
which should favor the transition of the hyperpycnal ﬂow into a saline, relatively undiluted turbidity current
that can propagate over much longer distances. Additionally, sediment can remain in suspension for longer
times as its density diﬀerence with the increasingly saline interstitial ﬂuid is reduced.
In the following we will employ high-resolution, two-dimensional direct numerical simulations in order to
explore how the transition of a fresh particle-laden gravity current into a saline turbidity current can result
from the diﬀerential diﬀusivities of salt and sediment at the freshwater/salt water interface. The ability of
diﬀerential diﬀusion to generate such a transition over a range of parameters will be demonstrated, and we
will discuss scaling considerations for estimating the transition time and distance.
2. Mathematical Modeling
The initial setup for generating a lock-exchange hyperpycnal ﬂow propagating into a saline ambient is pre-
sented in Figure 1. Quantities in their dimensional form are denoted by the ̂-symbol, while variables without
this symbol are dimensionless. The density of the initial freshwater-sediment mixture is ?̂?L, while the ambient
salt water has the lower density ?̂?R. A vertical gate initially separates the ﬂuids. Once the gate is removed, the
freshwater-sediment mixture forms a bottom-propagating hyperpycnal current that interacts with the ambi-
ent salt water. At the most fundamental level, there are twomechanisms by which the sediment can become
embedded in saltywater: (1) salinity can diﬀuse across the current/ambient interface, and (2) in regionswhere
fresh water and sediment are located above clear salt water, particles can settle across the fresh water/salt
water interface into the saline ambient. The current investigation focuses on the former mechanism, and
hence we assume a vanishing particle settling velocity. This also prevents the loss of sediment by deposition
onto the bed.
2.1. Governing Equations
We employ the Navier-Stokes equations for an incompressible ﬂow in their Boussinesq approximation. We
furthermore assume that the sediments form a dilute suspension with relatively low volume fraction (<1%)
such that particle-particle interactions can be neglected, and that the particles are suﬃciently small to be
considered noninertial (Necker et al., 2002). This allows us to employ advection-diﬀusion equations for the
transport of salinity and sediment. In index notation, we obtain
𝜕ûj
𝜕x̂j
= 0, (1)
𝜕ûi
𝜕t̂
+ ûj
𝜕ûi
𝜕x̂j
= − 1
?̂?0
𝜕p̂
𝜕x̂i
+ ?̂?
𝜕2ûi
𝜕x̂j𝜕x̂j
+
?̂? − ?̂?0
?̂?0
ĝegi , (2)
𝜕ĉ
𝜕t̂
+ ûj
𝜕ĉ
𝜕x̂j
= ?̂?c
𝜕2ĉ
𝜕x̂j𝜕x̂j
, (3)
𝜕ŝ
𝜕t̂
+ ûj
𝜕ŝ
𝜕x̂j
= ?̂?s
𝜕2ŝ
𝜕x̂j𝜕x̂j
. (4)
Here û denotes the velocity of the ﬂuid-particle mixture, with the subscripts i, j indicating the x or y direction,
respectively. ?̂? and ?̂?0 represent the local density and the density of fresh water, respectively, t̂ is time, and ?̂?
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Figure 1. A lock-exchange, sediment-laden hyperpycnal current propagating into salty ambient water. (a) Initial
condition; (b) intermediate stage of the ﬂow.
denotes the kinematic viscosity. ĝ indicates the gravitational acceleration, with egi = (0,−1) being the unit
normal vector in the direction of gravity. ĉ denotes the sediment concentration with molecular diﬀusivity ?̂?c,
while ŝ indicates the salinitywithmolecular diﬀusivity ?̂?s. Sinceweneglect the settlingmotionof the sediment,
the above equations are equivalent to those describing a heat/salt system.
We assume a linear equation of state for the density as a function of salinity and sediment concentration
such that
?̂? = ?̂?0 + 𝛼ĉ + 𝛽 ŝ, (5)
where𝛼 and𝛽 denote the respectivedensity expansioncoeﬃcients. Thedensities of the initial sediment-laden
water and saline water can be expressed by
?̂?L = ?̂?0 + 𝛼ĉ0 (6)
and
?̂?R = ?̂?0 + 𝛽 ŝ0, (7)
with ĉ0 and ŝ0 indicating the initial sediment concentration and salinity values, respectively. The equations
are made nondimensional by introducing the reference scales
x̂→ x, (8)
û→  u, (9)
t̂ →


t, (10)
p̂→ ?̂?0
2p, (11)
ĉ → c, (12)
ŝ → s, (13)
where = Ĥ∕2 is the channel half-height, = ûb =
√
ĝĤ(?̂?L − ?̂?R)∕(2?̂?0) is thebuoyancy velocity, and = ĉ0
and  = ŝ0 are the sediment concentration and salinity scales, respectively. By substituting equations (5),
(6), and (7) into equations (1)–(4) and adopting these characteristic scales, we obtain the nondimensional
governing equations
𝜕uj
𝜕xj
= 0, (14)
𝜕ui
𝜕t
+ uj
𝜕ui
𝜕xj
= − 𝜕p
𝜕xi
+ 1
Re
𝜕2ui
𝜕xj𝜕xj
+
(
RLc + RRs
)
egi , (15)
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𝜕c
𝜕t
+ uj
𝜕c
𝜕xj
= 1
Pec
𝜕2c
𝜕xj𝜕xj
, (16)
𝜕s
𝜕t
+ uj
𝜕s
𝜕xj
= 1
Pes
𝜕2s
𝜕xj𝜕xj
. (17)
The Reynolds number Re is deﬁned as
Re =
ûbĤ
2?̂?
, (18)
while the Peclet numbers of sediment and salt take the form
Pec = ReScc, Pes = ReScs, (19)
where the respective turbulent Schmidt numbers of sediment and salt are given by
Scc =
?̂?
?̂?c
, Scs =
?̂?
?̂?s
. (20)
Two dimensionless density parameters appear in the form
RL =
?̂?L − ?̂?0
?̂?L − ?̂?R
, RR =
?̂?R − ?̂?0
?̂?L − ?̂?R
. (21)
The ratio 𝜏 of the turbulent salinity and sediment diﬀusivities is denoted as 𝜏 = Pec∕Pes = 𝜅s∕𝜅c.
2.2. Boundary Conditions, Initial Conditions, and Numerical Approach
We impose no-slip boundary conditions along the bottom and side walls, and a free-slip condition along the
top wall in order to emulate a free surface. No-ﬂux conditions are implemented along all walls for the salinity
and sediment concentration ﬁelds. The uniform mesh size is 0.004 in all simulations, which we found to be
suﬃciently small for the simulations to be well resolved.
In all of the simulations to be discussed in the following, L = 50, l = 20, H = 2, and ?̂?R = 1,010 kg/m
3. An initial
sediment volume fraction of 1% is assumed, with a particle density of 2,650 kg/m3. With a fresh water density
of 1,000 kg/m3, this results in ?̂?L = 1,016.5 kg/m
3, with 𝛼 = 2.5835, and 𝛽 = 1.5835.
To calculate the evolution of the ﬂow ﬁeld, we employ our incompressible Navier-Stokes solver PARTIES
(Biegert, Vowinckel, &Meiburg, 2017; Biegert, Vowinckel, Ouillon, et al., 2017),whichuses secondorder central
ﬁnite diﬀerences to discretize the viscous terms, along with a second order upwind scheme for the advec-
tion terms. A third order low-storage Runge-Kutta method is used to advance the ﬂow ﬁeld in time. The
pressure-projection method is implemented, based on a direct fast Fourier transform solver for the resulting
Poisson equation at each Runge-Kutta substep.
3. Analysis of the Transition Process
In order to document the transition process from a hyperpycnal current to a saline turbidity current, we ana-
lyze the temporal evolution of several diagnostic quantities, as explained in the following. At the most basic
level, we deﬁne the current front location as the furthest downstream point (xf , yf ) for which the sediment
concentration is larger than a threshold concentration value, that is, c> ct . Throughout the present study, we
choose ct = 0.5. In addition, we track the temporal evolution of various properties of the frontal region of the
current. Toward this end, we compute the average value of a given quantity q in the frontal region as
⟨q⟩fr = ∫Ωfr 𝛾qdV∫Ωfr 𝛾dV , (22)
where 𝛾 =
{
1 ifc> ct
0 otherwise
, andΩfr =
{
Ω(xf − Lt < x < xf ) if xf > l + Lt
Ω(l < x < xf ) otherwise
. HereΩ denotes the whole com-
putational domain; l is the length between the left wall and the gate; and Lt is a length chosen to deﬁne the
extent of the frontal region.We generally set Lt = 2H. Several choices of q are useful in terms of shedding light
on the transition process, such as the sediment concentration c, the salinity s, and the density 𝜌 = RLc + RRs.
In addition, we will also focus especially on the product cs in this context, as well as on the ratio 𝜉 = (1− s)∕c.
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Figure 2. Hyperpycnal current propagating into a saline ambient. Shown are various ﬂow quantities at time t = 30, for the three diﬀusivity ratios 𝜏 = 𝜅s∕𝜅c = 1, 2,
and 8. (a) Sediment concentration ﬁeld, (b) salinity ﬁeld, (c) cs, and (d) freshness-to-sediment ratio 𝜉 = (1 − s)∕c. As 𝜏 increases, the salinity of the current
increases rapidly without a corresponding loss of sediment, so that the current transitions from a hyperpycnal ﬂow to a saline turbidity current.
The quantity cs reﬂects the simultaneous presence of salinity and sediment in a ﬂuid element. Initially cs = 0
everywhere, and the subsequent increase of cs with time reﬂects the extent to which the interstitial ﬂuid is
becoming saline. However, any amount of diﬀusion of either salinity or sediment will result in nonzero val-
ues of cs, so that this quantity by itself does not provide any insight into the eﬀects of diﬀerential diﬀusivities
of salinity and sediment. Toward this end, the quantity 𝜉 is more informative for analyzing the transition of a
hyperpycnal current to a saline turbidity current. With s being the salinity, (1 − s) can be interpreted as the
absence of salinity, or as the freshness of the ﬂuid. If the diﬀusivities of salt and sediment are identical, (1 − s)
and c are governed by the same transport equations, initial and boundary conditions, so that throughout the
evolution of the ﬂow 𝜉 = 1 where sediment is present. Any deviation from 𝜉 = 1 therefore reﬂects the eﬀects
of diﬀerential diﬀusivities. With salinity being the faster diﬀuser, we expect ⟨𝜉⟩fr in the current to decrease
with time. Small values of ⟨𝜉⟩fr will indicate that the interstitial ﬂuid has become largely saline.
4. Transition From Hyperpycnal Flow to Saline Turbidity Current
The frames of Figure 2 display the c-, s-, cs-, and 𝜉-ﬁelds at time t = 30, for diﬀusivity ratios 𝜏 = 𝜅s∕𝜅c of 1, 2,
and 8. We set Re = 3,000, which corresponds to a weakly turbulent laboratory-scale current. To keep the com-
putational eﬀort manageable, we keep the Peclet number for the fast diﬀuser (salt) ﬁxed at Pes = Re = 3,000,
while we consider slow diﬀusers (sediment) with Peclet numbers Pec = 3,000, 6,000, and 24,000, so that the
molecular diﬀusivity isO(103) larger than for real ﬂows.Wehence need to keep inmind that the scaling results
to be discussed in the following, especially regarding the transition time, are obtained for laboratory-scale
currents with enhanced molecular diﬀusivities.
ZHAO ET AL. 11,880
Geophysical Research Letters 10.1029/2018GL080150
Figure 3. (a) Dependence of front location xf on Re (Pec ! = 40,000 and Pes = 4,000). (b) Dependence of
freshness-to-sediment ratio ⟨𝜉⟩fr on Re (Pec = 40,000 and Pes = 4,000). (c) Dependence of front location xf on Pec
(Re = 3,000 and Pes = 3,000). (d) Dependence of freshness-to-sediment ratio ⟨𝜉⟩fr on Pec (Re = 3,000 and Pes = 3,000).
(e) Decay rate of the freshness-to-sediment ratio ⟨𝜉⟩fr (calculated by ⟨𝜉⟩fr, t=40 − ⟨𝜉⟩fr, t=1030 ) as function of Re. (f ) Decay rate
of the freshness-to-sediment ratio ⟨𝜉⟩fr as function of Pec .
All frames of Figure 2 show the development of a bottom-propagating current with a pronounced head and
an upper interface that gives rise to large-scale Kelvin-Helmholtz instabilities. For 𝜏 = 1 we ﬁnd that the sed-
iment concentration and the freshness have identical distributions, consistent with our earlier arguments.
Consequently, the freshness-to-sediment ratio 𝜉 = 1 where sediment is present, which means that the cur-
rent gains salinity at the same rate as it loses sediment. For 𝜏 = 8, on the other hand, the current gains salinity
much more rapidly than it loses sediment. Hence, for 𝜏 = 8 the increasing saliniﬁcation of the current due to
the diﬀerential diﬀusivities of salt and sediment progresseswithout correspondingdilutionof the sediment con-
centrationﬁeld. This is in contrast to saliniﬁcationof the current by entrainment, that is, convective engulfment
of salty ambient water without sediment, which necessarily dilutes the sediment concentration ﬁeld.
The above observations are consistent with the cs-ﬁelds shown in Figure 2c. For 𝜏 = 8 these demonstrate the
much faster formation of salty, sediment-laden ﬂuid near the current front and in the interfacial region along
the top of the current, as compared to 𝜏 = 1. In line with the arguments presented in section 3, the top frame
in Figure 2d conﬁrms that for 𝜏 = 1 the values of the sediment concentration c and the freshness (1− s) of the
ﬂuid are identical everywhere, so that 𝜉 = (1 − s)∕c equals one where sediment is present. For 𝜏 = 8, on the
other hand, the frontal region of the current shows reduced values of 𝜉, which indicates that the freshness of
the current is reduced as a result of salinity diﬀusion into the current.
In addition to the immediate eﬀect of rendering the interstitial ﬂuid more saline, the diﬀusion of salt into
the current triggers secondary mechanisms of importance for the dynamics of the current. For example, the
diﬀusion of salt into the hyperpycnal current across its upper interface results in the formation of a dense, salty
layer of sediment-laden ﬂuid along the upper current boundary, above the lighter sediment-laden freshwater
bodyof the current. This conﬁguration is susceptible to smaller-scale density-driven instabilities (Alsinan et al.,
2017; Burns & Meiburg, 2015; Schulte et al., 2016), which in turn will increase the entrainment of ambient
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Figure 4. Average salinity (a) and density (b) in the frontal region of the current, where the sediment concentration
c> 0.9. The large initial values represent an artifact, as no well-developed front has formed yet. Diﬀerential diﬀusivity is
seen to increase the density of the frontal region of the current.
saline ﬂuid into the current. The presence of these smaller-scale features is quite noticeable in the frames of
Figure 2 for 𝜏 = 8.
5. Estimating the Transition Time and Distance
Figures 3a and 3c demonstrate that the dimensionless front velocity is close to 0.5, and essentially inde-
pendent of Re and Pec within the parameter ranges considered here. Figures 3b and 3d show that the
freshness-to-sediment ratio ⟨𝜉⟩fr decreases with time at a nearly constant rate, conﬁrming that the freshwa-
ter hyperpycnal current is becoming increasingly saline. The results indicate that for Pes = 4,000, Pec = 40,000,
and small Reynolds numbers, the decay rate of the ratio ⟨𝜉⟩fr , deﬁned as the slope of the curve, grows with
Re, which reﬂects the increasing turbulence intensity. For Re = 3,000 and Pes = 3,000 the decay rate no longer
depends on Pec above Pec = 10,000. These observations are conﬁrmed by Figures 3e and 3f, which indicate
asymptotic decay rates for ⟨𝜉⟩fr in the range of 2.5 × 10−3. Extrapolating these results linearly to larger times
suggests that for the model laboratory-scale currents with Re = 3,000 and large molecular diﬀusivities con-
sidered here, around t ≈ 200 the value of ⟨𝜉⟩fr will have decreased to about one half, which we can take as
indication that the hyperpycnal ﬂow has transitioned to a saline turbidity current. Since the dimensionless
front velocity is close to 0.5, the hyperpycnal ﬂow corresponding to the present parameter values thus has to
travel approximately 100 current heights before it has transitioned into a saline turbidity current.
Alternatively, we can estimate the transition time by tracking the average salinity value in the front region as a
function of time, as shown in Figure 4a. Extrapolating the results for 𝜏 = 8 to longer times again suggests that
for the laboratory-scale current with large molecular diﬀusivities considered here the averaged salinity value
will reach one half after t ≈150–200, consistent with the above estimate based on the freshness-to-sediment
ratio. Figure 4b shows that diﬀerential diﬀusion increases the average density in the frontal region of the
gravity current, thereby promoting longer runout distances.
6. Discussion
The above simulations demonstrate that diﬀerential diﬀusivities can provide a mechanism for hyperpycnal
ﬂows to transition into saline turbidity currents. In contrast to transition via ambient saltwater entrainment,
transition by diﬀerential diﬀusivities does not require diluting the sediment concentration ﬁeld. While the
present simulations were carried out in two dimensions, and for laboratory-scale Re- and Pe-values much
smaller than those encountered in large-scale geophysical ﬂows, the physical mechanisms observed here
should qualitatively apply also at those much larger scales. Translating the present scaling results regard-
ing transition time and distance to ﬁeld scales is not straightforward, as the larger Re-values combined
with three-dimensional eﬀects will modify the turbulence structure, and real molecular diﬀusivities will be
much smaller. At the same time, we need to keep in mind that in natural settings the available distance
over which the transition can occur may be 103 to 104 current heights, (e.g., Gavey et al., 2017; Meiburg
& Kneller, 2010). Hence, the current investigation represents a ﬁrst step that will hopefully motivate future
experimental and computational studies at larger ﬁeld scales, in order to explore the inﬂuence of vigorous,
shear-induced turbulence at the interface, along with double-diﬀusive convection at realistic values of the
molecular diﬀusivity.
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7. Conclusion
We have provided a new perspective on the transition of hyperpycnal ﬂows into saline turbidity currents,
which suppresses their lofting and contributing to longer runout lengths. This mechanism, which relies on
the diﬀerential diﬀusion of salt and sediment, results in the saliniﬁcation of the freshwater current without
diluting the sediment concentration ﬁeld.Wepropose the freshness-to-sediment ratio in order to quantify the
transition process. High-resolution simulations suggest that laboratory-scale hyperpycnal model ﬂows with
enhanced molecular diﬀusivities can transition into saline turbidity currents after traveling a few hundred
current heights. Further research is needed in order to obtain estimates for the transition time and length at
ﬁeld scales and realistic molecular diﬀusivities.
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